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ABSTRACT 
 
In the last years the authors developed new and powerful quality cost models to optimize quality 
strategies in electronics production. These models are successful in use and were published in some 
books (see [1], [4] and [5]), tutorials, articles (see [2] and [3]) and presentations at important 
conferences like IWK99, ECTC2001, ISSE2002 and SMT HYBRID PACKAGING 2002,  2003 
and 2004. These models look for the quality processes only to find out the optimized quality 
strategy by the minimum of costs. The next step was the development of an extension of these 
models to include the production process and its quality dependent properties into the cost models. 
The question is: How influences the improvement of a production process by investment the quality 
and the costs of the products?  How much time does it need to reach a better quality level by lower 
costs? The new extension of the quality cost models gives help to the production engineers to make 
a decision about the right quality strategy.  
The basic quality cost model and the influence of investment will be explained in our presentation. 
 
1. INTRODUCTION 
 
Controlled technological processes are the most important way to reach a high quality level in 
mechanical engineering industries. Statistical Process Control (SPC) and Failure Mode Effect 
Analysis (FMEA) are other ways to reach this goal. It is possible to use these methods also in 
electronics production in the case of producing batches with a high number of same PCBs. But in a 
production process with many different products and small batch sizes, there are relative high defect 
rates and some technological processes may be uncontrolled. The objective of this publication is to 
show new models to decrease the quality costs of such technological processes. A special part of 
this publication describes the influence of investment to decrease the defect rate and so the 
summary costs of an electronic product. 
 
2. CHANGING THE QUALITY STRATEGY – THE BASIC QUALITY COST MODEL 
 
Starting point of this paper is a chain of technological processes - for instance a SMT production 
line as in Fig. 1. The SMT line consists of a PCB transport system, a solder paste printer, a chip 
shooter, a pick-and-place machine, a reflow oven and an inspection system at the end. In this 
example the process of solder paste printing is not well controlled and so there are some poorly 
printed PCBs. These PCBs are represented by the defect rate p. What is the right way to fix this 
problem? It is the insertion of a test and a repair process in the line after this uncontrolled 
technological process. The new strategy is shown in Fig. 2. This picture shows the abstraction of the 
processes too: T indicates a technological process and Q indicates a quality process. A quality 
process consists of an inspection and a repair process. 
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Fig. 1. A SMT production line 
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Fig. 2. SMT production line with quality process and abstraction 
 
But is it sensible to do this in the context of quality costs? The use of quality cost models helps to 
find the answer. The basic model is described in this chapter. Fig. 3 shows the abstraction of one 
technological process with and without a quality process. 
 
Fig. 3. Model for one technological process 
 
The technological process T (see Fig. 3) has a defect rate p. In the first case a quality process Q 
(consisting of the inspection process P with 100% inspection of the PCBs and the repair process R) 
is added to detect and to eliminate these defects. The inspection and repair processes cause quality 
costs. In the second case there is no quality process to detect and to remove the defects after the 
technological process. But there is also a defect rate p ≠ 0 and the defects will be processed. It 
means, the defects also cause quality costs, but later in the technological line (latest in the final 
inspection process). With the view to these quality costs it is possible to define a virtual process 
called defect subsequent process F. Now it is possible to answer the question: Which case is 
cheaper – with or without a quality process right after the technological process? To answer this 
question the following assumptions are necessary: All of the produced PCBs are inspected (100% 
test), all PCBs with defects are identified and repaired, after the last technological process in the 
line is a 100% test of the PCBs installed (for example an in-circuit test) and the quality costs are 
calculated as costs per unit (for example per PCB). 
To describe the quality costs of the above discussed two cases the following equations are used: 
• Costs without an inspection after T:  
 FT kpkk ⋅+=0        (1) 
• Costs with an inspection after T:  
 RPT kpkkk ⋅++=1        (2) 
with:  
kT – costs of the technological process T per unit 
kF – defect subsequent costs per unit  
kP – inspection costs per unit  
kR – repair costs per unit  
p  – defect rate of T. 
Of course in this model the technological costs kT are the same with and without the quality process 
Q and so they are not a necessary part of the calculation. If the defect subsequent costs kF are higher 
than the sum of inspection and repair costs (kP + kR), a point of intersection of the two lines (the 
graphs of the equations (1) and (2)) exists. This point (so called break even point) is described by a 
defect rate p* and the costs k*. The equation of p* is: 
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Fig. 4. Quality costs with and without the quality process 
 
For low values of p (see Fig. 4 - left from p*) the use of a quality process Q at this time is more 
expensive than to inspect the PCBs later on during the final inspection. With this simple model it is 
possible to design a technological chain (with technological and quality processes) only dependent 
on the defect rate p, if the quality costs are known. 
The extensions of this quality cost model for more than one technological process, for the influences 
of the inspection process (the influence of pseudo defects and defect flow) and for the use of 
sampling inspection are described in [1]. 
The first practical use of the quality cost models was at the electronics production business unit of 
Heidelberger Druckmaschinen AG (HDM) in Wiesloch (Germany). Together with our partners we 
adapted the models and we analyzed the quality data of complex assembled PCBs with relatively 
high defect rates. After this analysis two products were selected and the quality processes of these 
boards were optimized. Fig. 5 shows the result for one visual inspection step. 
 
Fig. 5. Practical result of using quality cost models 
 
What does Fig. 5 mean? For any value of the defect rate of the considered board and technology it is 
cheaper to have no inspection after the technology Tn than to have one. The reason for this result 
was a high defect flow of the investigated visual inspection process. After that statement the 
electronics production business unit of HDM renounced the considered inspection process and 
saved about 5.00 DM (about US$ 2.50) on every board of the considered products. 
But what is the disadvantage of the basic quality cost model and its extensions? These models look 
for the quality processes only and give recommendations to change these processes. There is no 
changing of the quality of the technological processes and so no changing of the defect rate p of the 
processes. 
 
3. CHANGING THE DEFECT RATE – THE NEW EXTENSION 
 
3.1. Process Optimization by Investment 
 
In the previous discussions, the fluctuations of the defect rate did not have any affect on the costs kT 
of the technological process T because the fluctuation is caused by random processes. If, however, 
technological, control-technical, organizational and other measures are intentionally used in the 
technological process with the goal of systematically affecting the defect rate, this causes costs 
when the defect rate is reduced. 
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Fig. 6. General dependency of the technological costs on the goal defect rate 
 
The specific process costs increase with reduced goal defect rate (envisaged defect rate). This 
results from the investment that must be made in order to achieve this goal. Fig. 6 shows an 
example of this dependency. The lower the envisaged defect rate, the higher are the technological 
costs. Theoretically, the technological costs for the goal of a 0% defect rate approach infinitely.  
For the following consideration, the costs of the technological initial solution are designated as 
kT(1), the costs after the first process improvement and second process improvement are specified 
with kT(2) and kT(3), respectively. No linear relationship between the reduction of the defect rate 
and the associated costs, expressed by the technological costs, can be assumed here. 
The costs for the quality strategy remain unaffected by the change of the technological costs. The 
effect of the increase of the technological costs on the complete costs of the process (sum of the 
technological costs and quality costs for the envisaged defect rate) must now be evaluated. The cost 
development is shown in Fig. 7. 
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Fig. 7. Development costs for the achieved reduction of the defect rate 
 
The starting point for the considerations in the example shown in Fig. 7 are the technological costs 
kT(1) of the initial solution for the technology T for the average defect rate p1. The quality strategy 
resulting from this defect rate has a quality process directly after the technology T (p* < p1). To 
achieve a significantly lower defect rate p2 for the considered process, new equipment must be 
obtained for the technological process T. This investment leads to an increase of the technological 
costs per unit by ΔkT(2). The associated quality strategy for the defect rate p2 results from the basic 
model and means in this case the non-inspection after the technology T (see Fig. 7). If the change 
costs for the improved technological process ΔkT(2) are now added to the quality costs for defect 
rate p2, this produces the cost value k(2). In the example shown in Fig. 7, this value is higher than 
the cost k(1) of the initial solution. This means that despite a significant reduction of the defect rate, 
the complete costs per unit for this technology with the new solution are higher than those for the 
old solution. In practice, it is often the case that another, smaller investment can further positively 
affect the properties of the technological process in the direction an additional reduction of the 
defect rate. This case is represented with the defect rate p3 in the example. In this case, the cost 
component ΔkT(3) for the improvement of the technological process compared with the initial 
solution must be added to the quality costs. The graphs (Fig. 7) show that the resulting costs k(3) are 
lower than the costs k(1) of the initial solution. The optimization goal of the reduction of the defect 
rate and the unit costs for this technological process has been achieved.  
This concept of the optimization of the process costs can also be used for the sampling inspection.  
The example shown in Fig. 7 certainly occurs in practice, e.g., for the automatic component 
placement. Because an automatic placement machine operates at (or even outside) the limits of its 
specification, it has a relatively high defect rate for the placement of fine-pitch components. An 
investment is made in a new automatic placement machine that has a higher placement accuracy 
(high investment → higher technological costs kT(2)). The operation shows that the placement of 
chip components of the size 0201 still has a high defect rate. The manufacturer of the new automatic 
placement machine recommends the installation of a vision system with a higher resolution for the 
inspection and positioning of the components (additional, but lower investment → higher 
technological costs kT(3)). This solution can be used for the placement of the complete component 
spectrum for a smaller process defect rate. Whether the optimization goal of the reduction of the 
defect rate and costs has been achieved depends on the concrete costs. 
 
3.2. The Influence of Time 
 
The model in the last chapter was discussed on the assumption that the effect of the investment in a 
new machine (the reduction of the defect rate and so the cost) acts immediately. This perfect action 
shows Fig. 8. After the first investment the total costs per unit are a little higher than before. After 
the second investment the total costs are lower. 
 
Fig. 8. Defect rate and costs over time (ideal)  Fig. 9. Defect rate and costs over time (real) 
 
 
But in reality there is no step function, the modifications of the defect rate p and the cots k proceed 
slowly. An example for that is the shrinking process in semiconductor production. After the 
shrinking the yield is lower than before (the defect rate is higher), but after a short time the 
technological processes become stable and the yield increases. Fig. 9 shows a possible behaviour 
(based on the example from chapter 3.1.). 
The transition range of the costs can be described as 
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What is the reason for this behavior? At the time of starting the use of the new and better 
technology the quality strategy is changed with the view to the expected (lower) defect rate. But the 
defect rate has not reached this value yet and so the wrong quality strategy is in use and the quality 
costs are higher than expected. Fig. 10 shows this connection at time t1, the time of starting the new 
vision system as a part of the new machine. This time describes the end of the investment to 
improve the technological process. Now it needs time to reach the planned defect rate and so the 
expected lower summary costs per unit. The goal is the minimization of this time to reach the 
expected costs. This goal is attainable by the persistent use of quality management tools and by 
training of the employees. 
 
Fig. 10. The reason for the higher costs at t1
 
4. CONCLUSION 
 
This paper presents an overview to realize optimal test strategies in SMT-manufacturing lines with 
a view to the costs. It shows the mathematical background of the basic model and the influence of 
investment in better technologies to the summary costs. The quality cost models are in use in an 
electronics production. The necessary steps in practice depend on the specific quality of the 
investigated processes and on the complexity of the investigated products. The improvement of 
technological processes by investment is a good way to get better products. It is possible to evaluate 
the summary costs of such a technological process by using the new extension of our models. But it 
needs time the reach the expected quality and costs. A necessary way to shorten this time is training 
of the employees and a good quality management system.  
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